In case of fire in an atrium, a smoke and heat control (SHC) system can be designed to improve safety inside the atrium. An important design criterion is the smoke free height in the atrium. This smoke free height is the result of a number of parameters, of which the fire heat release rate (HRR), the SHC extraction mass flow rate, the position of the extraction device or opening and the size and position of openings for make-up air are of primary importance. In the present paper, an extensive numerical study, based on Computational Fluid Dynamics (CFD), is presented in which these parameters are varied. The presence of a downstand or balcony is not covered in the study at hand. From the results, a correlation is presented for adhered spill plumes in atria without downstand, relating the smoke extraction rate to the smoke free height in the atrium. The smoke layer in the atrium is illustrated to become multidimensional beyond a certain threshold value of the smoke extraction rate and existing correlations, which do not take this phenomenon into account, are not conservative. The position and exact size of the make-up air inlet openings are shown not to affect the observations, as long as the openings are sufficiently large.
Introduction
Atria have become an increasingly popular type of architectural structure, e.g. in shopping malls, hotels or office buildings. In case of fire, a smoke and heat control (SHC) system can be an effective tool to improve safety for occupants or firemen inside the atrium. One of the most important criteria in the design of these SHC systems is the smoke free height in the atrium. Many experimental and numerical studies have already been performed in this context [1] [2] [3] [4] [5] [6] [7] [8] [9] .
This smoke free height depends on a number of parameters. The fire heat release rate (HRR), the SHC extraction mass flow rate, the position of the extraction device or opening and the size and position of openings for make-up air are considered of primary importance. In this paper, an extensive parameter variation study is presented. The presence of a downstand or balcony, however, is not covered in the present paper.
Results from CFD simulations, obtained with FDS (Fire Dynamics Simulator, version 5.2.5 [10] [11] ), are used as 'numerical experiments'. The justification for this approach has already been proved in earlier work [12] and thus is not repeated here.
The objective of the study at hand is to develop a new correlation and to discuss flow field phenomena as observed from the CFD simulation results.
Setup
The reduced-scale experimental atrium setup from Poreh et. al [8] is used as the setup for the study at hand, because experiments have been carried out for a range of conditions. The fire is located in the adjacent room to the atrium ( From the set of experiments, Poreh et al. proposed a single formula [8] to calculate the required extraction mass flow rate to ensure a certain smoke free height in the atrium. In recent work, an experimental study of the 2D adhered spill plume by Harrison and Spearpoint [9] , including a variation of the atrium width W s , the results of Poreh et. al [8] have been confirmed and the following expression was suggested: The experiments of Poreh et. al [8] have been reproduced with CFD simulations on grids with cubic cells with edge size 2.5 cm in [12] . Here, the CFD calculations as carried out with FDS (Fire Dynamics Simulator, version 5.2.5 [10] [11] ) are performed on grids with cubic cells of edge size 5 cm. All other settings are identical as in [12] . In particular, unless mentioned otherwise, at the outlet opening in the ceiling of the atrium, a constant velocity v out is imposed for the extraction of smoke from the atrium. As the grid contains fewer cells, the calculation cost of the simulations is significantly reduced. As in [12] , the smoke layer interface temperature is calculated with the N-percent rule with N = 30:
From the interface temperature, the smoke layer interface height above the spill edge (z s ) is calculated. The values for d s , ( ) ɺ s m z , ɺ s m and z 0 are calculated from the simulation output data as explained in [12] . Figure 2 confirms that the mesh is still sufficiently fine for the sake of the present paper. Figure 2 . Confirmation that the 'coarser' grid (used in the present paper) is sufficiently fine for the sake of the present paper. Simulation results for the 'basic' setup.
Parameter Variation -Presentation of Results
First, the SHC extraction mass flow rate is varied beyond the range studied in [8, 9, 12] in the basic configuration (Fig. 1) . Both mechanical and natural ventilation are examined.
Next, starting from this basic configuration, variations of fire heat release rate, atrium width and atrium height above the spill edge are performed. A new relation for the entire smoke extraction rate range is also presented.
Finally, variation of some of the ventilation parameters is discussed: position of the smoke extraction opening and size and position of the makeup air inlet opening. 
As the atrium height is 3.6 m and the spill edge is at height 0.6 m, application of Eq. (3) reveals that the maximum possible value to be obtained for the smoke free height above the spill edge is z s = 3 m, corresponding to an extraction mass flow rate of 0.63 kg/s. Yet, higher extraction mass flow rates are also studied in the present paper.
Discussion of Results

Variation of Smoke Extraction Rate (Mechanical Ventilation)
The basic configuration concerns a fire HRR 11.9 kW conv Q = ɺ and atrium width W s = 0.9 m.
Within this configuration, the extraction mass flow rate is varied, beyond the range studied in [8, 9, 12] . This is relevant since the simulations reveal that, as the extraction mass flow rate increases beyond a certain value, the smoke layer becomes multi-dimensional, meaning that the smoke interface height is not uniform in the atrium (Fig. 3 ). This effect is also related to the limited atrium size and the central position of the extraction outlet (see below).
The explanation is as follows. The smoke rises along the left vertical wall and as it is deflected underneath the atrium ceiling, it has momentum in the x-direction. If this momentum becomes too high, not all the smoke can be extracted by the mechanical smoke extraction outlet (in the z-direction). The non-extracted smoke creates a large-scale vortex in the atrium and thus causes the multi-dimensional effect. In such a smoke layer pattern, it is not straightforward to define an unambiguous value for smoke free height. In the remainder of this paper, both the minimum and average values of the smoke free height in the atrium are shown in the presentation of the results. As long as these minimum and average smoke free heights have the same value, the smoke layer is onedimensional. When the minimum value becomes lower than the average one, this reflects a multi-dimensional pattern. The average smoke layer interface height follows a new slope in the graph, starting from a certain threshold value. From that point onward, the smoke layer height still increases with increasing mass flow rate, but slower than is the case for lower extraction mass flow rates below the threshold value. The vortex at the right-hand side of the atrium ( For now, this relation can be presented as
The smoke layer shows the multi-dimensional effect in Fig. 4 starting from the value z s ≈ 2 m, i.e.: 
Variation of Smoke Extraction Rate (Natural Ventilation)
Smoke can also be extracted from the atrium by means of natural ventilation. In this situation, the extraction opening area is varied, but no extraction velocity is imposed. The ventilation opening area is increased in the simulations until the situation is reached where the opening is so large that make-up air starts to flow through this opening into the atrium. Such a situation is considered beyond the scope of the present study and as a consequence, the range of values considered is less wide than in section 4. (4)) is found to vary as:
This is in line with Eq. (2).
It is interesting to observe that the threshold value (z s,threshold = 2/3H s in the geometry at hand)
is primarily determined by the geometric lay-out, and not by the fire heat release rate. A possible explanation is that the smoke dynamics is affected by both buoyancy and forced flow phenomena. Indeed, increasing the extraction rate implies increased intake air flow rates. The resulting flow inside the atrium then directly depends on the geometric lay-out (of the atrium and the ventilation openings). In the geometry studied, with the intake air opening in the opposite side of the room with the fire source, a large clockwise vortex structure is generated (see below, section 4.7). When the extraction rate is high enough (i.e. so high that the threshold value z s,threshold is exceeded) the multi-dimensionality appears. This is essentially due to the strong upward momentum of the smoke plume, which is not only driven by buoyancy, but which is also interacting with the (forced) flow field as generated by the intake air. This probably explains why the threshold value is primarily determined by the geometric lay-out, not so much by the fire heat release rate. This is discussed to a further extent in section 4.7.
Variation of the atrium width
Keeping the fire HRR fixed to 11.9 kW ∼ s a W .
This is again in line with Eq. (2). 
Variation of the atrium height and length
In the previous sections, the threshold value for the onset of the multi-dimensional smoke layer is z s = 2/3 H s . A variation of H s is performed in order to verify whether this value is general. 
Further research is required to confirm or modify this exponent. Not surprisingly, the results evolve to Eq. (2) as H s increases: the evolution towards a multi-dimensional smoke layer, which causes the deviation from Eq. (2), will be less pronounced or less influential as the rise height itself increases. Indeed, the momentum in the x-direction upon deflection underneath the atrium ceiling decreases when the rising plume becomes cooler and less strong. In this sense, a similar, but opposite, effect can be expected when the atrium length L a (see Also the slope change is similar:
Again, further research is required to confirm or modify this exponent.
The deviation from Eq. (2) becomes small for high values of H s /L a (see bottom right Fig. 8 and top left Fig. 9 ). Therefore, the results of this section can be summarised as:
Summary -New Correlation
The results presented above are summarised in a new correlation for the configuration studied. This correlation is such that Eq. (2) (4) is applied (with Eqs. (6), (7) and (10) 
It is recalled that the presence of a balcony or downstand is not considered here. Fig. 10 shows the agreement of Eq. (11) with the values obtained in the CFD simulations. 
Variation of ventilation parameters
Correlation (11) has been developed for an atrium configuration with the smoke extraction opening in the centre of the atrium ceiling, and the make-up air inlet opening in the wall opposed to the adjacent room where the fire occurs (Fig. 1) . However, other ventilation configurations are possible in real-life atria. Therefore, the effect of the following parameters is studied here:
-position of the smoke extraction opening,
-position of the make-up air inlet opening,
-size of the make-up air inlet opening.
The basic configuration sis considered ( 11.9 kW
Position of smoke extraction opening
Fig . 11 shows the position of the extraction outlet in the three different configurations studied.
The middle outlet configuration corresponds to the basic configuration (Fig. 1) . Figure 11 . Different positions of smoke extraction opening considered.
The simulation results for the LHS and RHS positions are presented in Fig. 12 , to be compared to Fig. 4 (left) . In the LHS configuration, the deviation from the solid line (Eq. (2)) is clearly postponed, compared to the basic case (to which the dashed line corresponds). The reason is related to the explanation, given in section 4.1, for the multi-dimensional smoke layer pattern. Indeed, as the extraction opening in the LHS configuration is placed directly above the rising adhered smoke plume, there is practically no horizontal momentum of the smoke layer near the outlet and the smoke can easily be extracted from the atrium. The results for the RHS configuration do not deviate much from the basic configuration. If anything, the change in slope is a little "worse": for the same extraction mass flow rate, the smoke layer interface height is lower in the atrium. Clearly, the LHS configuration results in the least stringent requirements in terms of required SHC smoke extraction mass flow rate. However, in reality the location of the fire is not known a priori, so that the LHS configuration cannot be relied upon. Therefore, applying correlation (2), in combination with the LHS configuration, cannot be seen as a conservative design approach. Bearing this in mind, the central position, applying correlation (11), can be considered as a conservative approach. is postponed to higher z s values than given by Eq. (5). Yet, the differences between the simulation results for z s,av and correlation (11) (which is the dashed line in Fig. 14) are not large and correlation (11) can be interpreted as conservative. Therefore, correlation (11) opening is sufficiently large, see next subsection). For the configuration where only opening B is open, the possible effect of asymmetry in smoke patterns has been examined. For the cases at hand, this effect is negligible (not shown).
Position of make-up air inlet
Make-up air inlet opening size
The final parameter studied in the present paper is the size of the make-up air inlet opening.
Configuration A is considered, with variation of the height h o of the opening (Fig. 1) . already occurs for lower values of z s : there is much more tendency towards a multidimensional smoke layer pattern due to a much stronger clockwise vortex, stimulated by the high velocity of the make-up air. This is visualised in Fig. 16 . These results demonstrate that the size of the inlet opening does not affect the smoke layer pattern as long as the opening is sufficiently large. When the opening is too small, the effectiveness of the SHC system is drastically reduced, not only due to possible pressure losses (which were not accounted for in the simulations, as a constant v out was imposed), but also due to changes in the flow field. Thus, it is extremely important to carefully consider make-up air inlet opening sizes during the design phase of an atrium building.
Conclusions
In this paper, based on an extensive CFD simulation study in which several parameters have been varied, a correlation has been developed for 2D adhered spill plumes in atria without downstand, relating the smoke extraction mass flow rate to the smoke-free height in the atrium. The following conclusions prevail:
-When the SHC extraction mass flow rate exceeds a threshold value, the smoke layer in the atrium becomes multi-dimensional. This causes a deviation of the results from existing correlations (which do not consider this multi-dimensional situation). The existing correlations are not conservative.
-The threshold situation corresponds to a smoke rise height z s,threshold = 2/3 H s , with H s the height difference between the spill edge and atrium ceiling.
-The multi-dimensional pattern can only occur if the atrium is not too high (H s < 2.5L a for the case studied), nor too short (L a > 0.4H s for the case studied).
-The observations do not depend on the type of smoke extraction (mechanical or natural ventilation).
-The position of the make-up air inlet openings does not strongly affect the observations, as long as they are sufficiently large.
-The exact size of the make-up air inlet openings does not affect the observations, as long as they are sufficiently large.
-The multi-dimensionality of the smoke layer pattern is related to the momentum of the smoke and the corresponding large-scale vortex. If the make-up air inlet openings are such that this vortex is stimulated, the effectiveness of the SHC system is reduced.
-The SHC system performs best when placed directly above the rising plume.
However, as in most cases it is impossible to predict the exact location of the fire, it is suggested to put the smoke extraction opening in the middle of the atrium.
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